Three clock proteins-KaiA, KaiB, and KaiC-have been identified as essential components of the circadian oscillator in cyanobacteria, and Kai-based chemical oscillation is thought to be the basic circadian timing mechanism in Synechococcus elongatus PCC 7942. Transcription and translation of kaiBC in cyanobacterial cells was quantitatively studied to elucidate how these processes are coupled to the chemical oscillator using a strain in which circadian oscillation is under the control of IPTG (isopropyl-␤-D-thiogalactopyranoside). The kinetics of repression of kaiBC promoter triggered by IPTG allowed estimation of transient response at 10 h. This response time is suitable for cyanobacterial transcription and/or translation to match with the Kai-based oscillator. Interestingly, kaiBC promoter activity and KaiC phosphorylation showed robust circadian rhythms, whereas trc promoter-driven kaiBC mRNA levels and KaiC accumulation were almost arrhythmic. These results indicate that cyanobacterial circadian rhythms can be generated even if kaiBC expression is constitutive. Moreover, there was a positive correlation between activation of the kaiBC promoter and an increase in the KaiC phosphorylation ratio in three rhythmic conditions. Based on these observations, it is likely that the KaiC phosphorylation ratio is the main factor in the activation of kaiBC promoter. Finally, we quantitatively compared the threshold level of phosphorylated KaiC for the repression or derepression of kaiBC promoter and found that this parameter is an important factor in repressing the kaiBC promoter.
The circadian clock is an endogenous biological timing mechanism found in almost all organisms (18) . Cyanobacteria are the simplest organisms known to exhibit circadian rhythms. KaiA, KaiB, and KaiC were identified as essential genetic components for circadian oscillation in the cyanobacterium Synechococcus elongatus PCC 7942 (6) . Activities of the kaiBC promoter as assayed by a luciferase reporter showed robust circadian oscillation and were strongly repressed by overexpression of KaiC. This feedback regulation was first assumed to be the basic circadian timing mechanism of cyanobacteria, as has been proposed for many eukaryotic circadian oscillators (3) .
KaiC interacts with KaiA and KaiB in a circadian fashion (8) . KaiA enhances the autokinase activity of KaiC (7, 24) and/or inhibits its autophosphatase activity (26) , whereas KaiB attenuates the activity of KaiA (9, 24, 26) . In 2005, we obtained two important results that substantially altered the basic hypothesis for circadian rhythm generation. First, the circadian rhythm of KaiC phosphorylation persisted even in continuous darkness, under which conditions the transcription in Synechococcus was stopped completely (23) . Second, we found that KaiC phosphorylation autonomously oscillates with a period of ϳ24 h when the three recombinant Kai proteins are incubated in vitro in the presence of ATP (15) . Since the period of this oscillation is refractory to changes in temperature and coincides with the in vivo circadian rhythm, Kai-based chemical oscillation is now thought to be the basic circadian timing mechanism in Synechococcus. However, in living cyanobacterial cells, even though transcription and translation of kai genes are not essential for the generation of the KaiC phosphorylation rhythm, feedback regulation of kaiBC transcription is thought to be crucial for maintaining robust circadian rhythms. In fact, under continuous light conditions (LL), KaiC exhibits circadian rhythms both in phosphorylation level and accumulation, and the kaiBC operon is transcribed in a robust circadian fashion that precedes the rhythm of KaiC accumulation by ϳ6 h (5, 6, 7, 25) . This type of time lag between mRNA and protein rhythms has also been observed for some negative regulators in eukaryotic clock systems and is thought to be important in causing feedback loops to oscillate (4) . Alternatively, in cyanobacteria, the feedback regulation might be adjusted to facilitate coupling of the Kai-based oscillator with its output. Therefore, quantitative assessment of the kinetics of feedback regulation by KaiC is of interest to evaluate the intracellular dynamics of the cyanobacterial clock.
To date, the following examples of transcriptional regulation by KaiC have been demonstrated. (i) KaiC and KaiA proteins cooperatively regulate the kaiBC promoter (7). (ii) Overexpression of a mutant version of KaiC that cannot be phosphorylated transiently represses kaiBC promoter activity but fails to repress it over extended times (16) . This suggests that both phosphorylation and accumulation of KaiC are involved in transcriptional feedback regulation. (iii) In contrast to eukaryotes, in which many clock gene products primarily regulate cis-acting elements of clock genes in a promoter-specific manner, KaiC coordinates genome-wide gene expression, as monitored by bioluminescence reporter (11) . Moreover, the over-expression of KaiC strongly represses the rhythmic expression of both kaiBC and other genes (14) . (iv) Recent studies suggest that temporal information from the Kai-based oscillator is transmitted by the SasA-RpaA two-component regulatory system and LabA to generate genome-wide circadian gene expression (20, 21) .
These results have demonstrated qualitative aspects of gene regulation by KaiC, but little is known about quantitative aspects. We report here the basic kinetics of KaiC-mediated transcriptional regulation. To provide external control of kaiBC expression, we designed a strain in which endogenous kaiBC was inactivated, and these genes were exogenously expressed under the control of the Escherichia coli trc promoter. After the addition or removal of IPTG (isopropyl-␤-D-thiogalactopyranoside), temporal profiles of kaiBC mRNA accumulation, KaiC protein accumulation and phosphorylation, and luxAB mRNA accumulation driven from the kaiBC promoter were quantitatively examined. The kinetics of the responses reveal the basic properties of cyanobacterial regulation of gene expression and indicate that both KaiC phosphorylation ratio and accumulation of phosphorylated KaiC regulate kaiBC promoter activity but in different fashions.
MATERIALS AND METHODS
Bacterial strains and culture. S. elongatus PCC 7942 was used as the background strain for the reporter strains in the present study. NUC42 and NUC0203 (14) are wild-type and kaiBC deletion strains, respectively. Both strains carry the PkaiBC-luxAB reporter construct at neutral site I. A DNA fragment containing the kaiB and kaiC open reading frames was amplified by PCR using pCkaiABC as the template and was then introduced into the NcoI-BamHI site of pNS2KmT⌬ HincII-Ptrc to yield pNS2KmPtrc-kaiBC (see Fig. 1A ). pNS2KmT⌬HincII-Ptrc is a pNS2KmT (10)-based vector with a deleted HincII region and an insertion of a BglII fragment from pTrc99A at a BamHI site (Imai, unpublished) . NUC0203 was transformed with pNS2KmPtrc-kaiBC to generate cells harboring an IPTG-inducible kaiBC cassette in neutral site II (NUC0220: PkaiBC-luxAB, ⌬kaiBC, and PtrckaiBC). Synechococcus cells were grown in modified BG-11 medium (1) under LL conditions (46 mol m Ϫ2 s Ϫ1 from a white fluorescent lamp) at 30°C.
Bioluminescence assay. Cells were cultured in a continuous culturing system to maintain an optical density (at 730 nm) of 0.25. The cells were exposed to two cycles of 12-h light and 12-h dark to synchronize their clocks and were then released into LL conditions. For kaiBC induction, IPTG was administered to the continuous culture at hour 12 in LL at final concentrations of 10, 15, or 100 M. To remove IPTG from the culture, the cells were collected by centrifugation and washed twice with fresh BG-11. Cells were resuspended in fresh BG-11 medium to continue the culture. To monitor bioluminescence from the liquid culture, cells were introduced into silicon tubing exposed to 10% decanal. Bioluminescence was monitored in a flow cell using a photomultiplier (H7360, Hamamatsu) tube-based bioluminescence monitoring system.
Northern and Western blotting analyses. Cells were harvested at various time points after exposure to LL, immediately frozen, and stored at Ϫ80°C. RNA was extracted from each sample as described previously (6) , samples were subjected to electrophoresis on 1.0% agarose gels containing ethidium bromide (0.1 g/ml, final concentration), blotted onto positively charged nylon membranes (Amersham), and hybridized with digoxigenin (DIG)-labeled kaiBC and luxAB probes in DIG-Easy-Hyb (Roche) (21) . Transcripts were detected by enzyme-linked immunoassay using an anti-DIG antibody-alkaline phosphatase conjugate and the chemiluminescent substrate CSPD (Roche). Northern signal of kaiBC mRNA appeared as double band (see Fig. 2, 3 , and 4). We assumed the double bands is caused by excess amount rRNA overlapping at the kaiBC mRNA position. We estimated kaiBC mRNA amount as the sum of both bands.
For protein assays, cells were disrupted by using the Multi-bead-shocker (Yasui Kikai) with zirconium beads (diameter, 0.1 mm; Yasui Kikai) for 10 cycles of 30 s of agitation and 30 s of rest at 4°C. After centrifugation, the supernatants were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, and immunoblotted with anti-KaiC antibodies as described previously (16) . KaiC protein was detected with an enhanced chemiluminescence detector (Amersham). The protein concentration was determined with the bicinchoninic acid method with bovine serum albumin as a standard.
Normalization of blots. Densitometric analysis of blots was performed with a GS-800 calibrated densitometer and QuantityOne software (Bio-Rad). In the present study, estimations of accumulation in NUC0220 were always accompanied by wild-type samples loaded on the same gel. The levels of target (kaiBC mRNA, KaiC protein, and luxAB mRNA) in NUC0220 were normalized with the respective signals of wild type set to 1. The wild-type signal was obtained as an average of signals at six time points in one circadian cycle. KaiC phosphorylation ratio was calculated as the ratio of phosphorylated KaiC to total KaiC.
RESULTS
Transcriptional feedback regulation by KaiC monitored by bioluminescence. The endogenous kaiBC in a PkaiBC-luxAB reporter strain (NUC42) was inactivated, and kaiBC was introduced into the genome under the control of the E. coli trc promoter (NUC0220 ⌬kaiBC, Ptrc-kaiBC, PkaiBC-luxAB) (14) (Fig. 1A) . In this strain, expression of kaiBC can be induced by the administration of IPTG in a dose-dependent manner, and the activity of the kaiBC promoter (PkaiBC) can be monitored by bioluminescence. To examine the initial response to IPTG induction, Synechococcus cells were grown in liquid medium to an optical density at 730 nm of 0.25 for the delivery of IPTG. In the absence of IPTG, bioluminescence driven from PkaiBC was higher due to low KaiC accumulation in the cell ( Fig. 1B and C). The onset of bioluminescence decrease occurred at 4, 8, and 10 h after the addition of 100, 15, and 10 M IPTG, respectively (Fig. 1B) . This dose-dependent delay of bioluminescence decrease is likely due to a lag time for accumulation of KaiC to a level at which PkaiBC is repressed. After this initial response, bioluminescence was maintained at a low background level in the presence of 100 M IPTG (Fig. 1C) . In contrast, Ptrc-driven expression of kaiC generated rhythms of ca. 24 h, as reported previously (⌬kaiBCϩPtrckaiCB strain [14] , ⌬kaiCϩPtrckaiC [26] ).
We also examined the derepression of KaiC by removal of 100 M IPTG from the culture. In this case, bioluminescence remained at a baseline for a considerable period and then began to increase at 24 h after the removal of IPTG (Fig. 1D) . From hour 24 to hour 84, the bioluminescence oscillated for two and a half cycles and was maintained thereafter at a higher level. In a separate experiment, we confirmed that the bioluminescence level stayed constant up to 120 h. Interestingly, the period of this fluctuation was again approximately 24 h.
Regulation of PkaiBC by KaiC monitored by luxAB mRNA accumulation. Although monitoring gene expression using bioluminescence reporters is precise and sensitive, the time lag due to transcription, translation, and posttranslation processes may interfere with the accurate temporal estimation of the induction or repression of target genes. Thus, we examined the accumulation of luxAB mRNA. Since the half-life of luxAB mRNA is ϳ5 min (see Fig. S1 in the supplemental material), luxAB mRNA accumulation should more closely reflect PkaiBC activity.
To understand the processes between kaiBC induction and transcriptional repression of PkaiBC by KaiC protein, we quantitatively analyzed the temporal profiles of Ptrc-driven kaiBC mRNA, KaiC accumulation, KaiC phosphorylation, and PkaiBC-driven luxAB mRNA after strong induction of kaiBC by 100 M IPTG ( Fig. 2A) . Under these conditions, the level of Ptrc-driven kaiBC mRNA promptly increased by at least 30-fold within 0.5 h of induction (Fig. 2B) . We confirmed that kaiBC mRNA levels were elevated considerably within 5 min after IPTG administration (see Fig. S1 in the supplemental material). The levels of KaiC protein elevated grad- (Fig. 2C) . luxAB mRNA driven by the PkaiBC began to drop at 1.5 h after induction ("X"), when KaiC levels were elevated to twoto threefold the level in the wild type. We assume that this KaiC level is necessary for the effective repression of PkaiBC activity. It took 4 to 5 h for luxAB mRNA to drop at the zero level ("a" in Fig. 2D) . A transient increase of KaiC in the cell would also cause a quick reduction of KaiC phosphorylation ratio just after IPTG treatment because newly synthesized KaiC should be unphosphorylated (Fig. 2E) . Note also that the decrease in bioluminescence began at 4 h after addition of IPTG (Fig. 1B) , that is, the accumulation of luxAB mRNA preceded bioluminescence output by 2 to 4 h (12).
Kinetics of circadian rhythm generation by moderate kaiBC induction. Next, we analyzed the kinetics of rhythm generation with 10 M IPTG induction in NUC0220 cells. As in the case of addition of 100 M IPTG, we analyzed the temporal profiles of kaiBC mRNA, KaiC, and luxAB mRNA (Fig. 3A) . Figure  3B to E depict time courses of these parameters. The amount of kaiBC mRNA driven from the trc promoter increased within 2 h of addition of 10 M IPTG, but the level (sixfold) was lower than that induced by 100 M IPTG. KaiC accumulated from hour 0 to hour 12 to ϳ2-fold the wild-type level. luxAB mRNA levels increased slightly at hour 2 (the second point of Fig. 3D ) and stayed at a higher level for 4 h (hours 4 and 6 in Fig. 3D ). The levels then abruptly decreased after hour 6 ("Y"), when the amount of KaiC was 1.3-fold the wild-type level. Finally, the luxAB mRNA level dropped to baseline by hour 16 of induction. Thus, it took 10 h ("b") for luxAB mRNA levels to reach a minimum.
As observed with bioluminescence, this strain exhibited robust circadian oscillation of luxAB mRNA after hour 24 of induction. Although both kaiBC mRNA and KaiC accumulation showed circadian rhythms, the amplitudes of both rhythms were weaker than those of the wild type. Note that the periods of the rhythms in this strain were similar to those of the wild type, whereas these factors accumulated to two-to threefold more than those in the wild type. On the other hand, luxAB mRNA accumulation and phosphorylation of KaiC showed rhythms as robust as those in the wild type (Fig. 3E) . The phase relationships of these rhythms were consistent with those in the wild type.
Kinetics of circadian rhythm recovery from strong repression of PkaiBC. As shown in Fig. 1D , we found that a circadian rhythm was generated when strong induction of kaiBC was ended by the removal of IPTG. We examined the time course of kaiBC mRNA, KaiC, and luxAB mRNA after the removal of IPTG (Fig. 4A) , and quantitative time profiles are shown in Fig. 4B to E. Upon the removal of IPTG, the amount of kaiBC mRNA expressed from the trc promoter decreased immediately to less than the wild-type levels and stayed at a low level without detectable fluctuation. During incubation with 100 M IPTG, KaiC had accumulated in the cell to at least 10-fold more than the wild type. After removal of the IPTG, the level gradually decreased to two-to threefold the wild-type levels by 24 h. The KaiC levels then continued to slowly decrease with a weak circadian oscillation.
As expected, the decrease in KaiC levels released PkaiBC repression. The amount of luxAB mRNA began to increase at hour 20 ("Z") when the amount of KaiC was approximately two-to threefold that of the wild type (Fig. 4D) . The luxAB mRNA level increased from 20 and 32 h after induction. The transition to maximum levels ("c") took ϳ12 h. From 20 to 76 h, luxAB mRNA levels showed a circadian rhythm as robust as those of the wild type. The phosphorylation ratio of KaiC also oscillated with the luxAB mRNA accumulation rhythm with an ϳ4-h delay. Note that both profiles were rhythmic ( Fig.  4D and E) , whereas the amount of kaiBC mRNA constitutively stayed at low levels (Fig. 4B) . These results are compatible with the hypothesis that the feedback regulation of clock gene expression is not essential for circadian rhythm generation in LL conditions. 
DISCUSSION
In eukaryotes, a transcription/translation feedback regulation of clock genes is thought to underlie the circadian oscillator, and the time required for steps in the feedback loop is thought to be the basis of the circadian period. Quantitative assessment of individual steps in the feedback loop in Neurospora (13) have shown that times in several steps of the feedback loop are consistent with the 24-h periodicity. However, in cyanobacteria, we reconstituted an in vitro oscillation by mixing three Kai proteins and ATP in a test tube (15) . Our recent results in vitro have determined that the biochemical activities of KaiC, including kinase/phosphatase and ATPase activities, are basic timekeepers of circadian period length in cyanobacteria (17, 19, 22) . Therefore, the transcription and translation processes in cyanobacterial cells need to resonate with the Kai-based oscillator for efficient temporal information transfer.
Using an inducible system that allows starting and stopping of circadian oscillation, we have quantitatively analyzed the accumulation and phosphorylation of KaiC, as well as PkaiBC activity (as luxAB mRNA level), to understand the kinetic properties of PkaiBC regulation in cyanobacteria. Repression of PkaiBC by KaiC showed dose-dependent kinetics. After stronger induction (100 M IPTG), it took 4 to 5 h for the transition of luxAB mRNA levels from derepressed ("X") to baseline levels ("a" in Fig. 2) , whereas it took about 10 h after moderate (10 M IPTG) induction ("b" in Fig. 3 ). Since the transition time is close to half of the circadian period, our estimation time for repression ("b") is apparently compatible with PkaiBC to cycle in the circadian period. We also found that the time for the accumulation of luxAB mRNA from baseline ("Z") to the first peak was also 12 h ("c" in Fig. 4) . Although the transition of derepression process of PkaiBC was accompanied by elevation of the KaiC phosphorylation ratio (Fig. 4E) , the response of kaiBC expression potentially took a similar range of time. Thus, temporal coincidence between the sums of transition times of PkaiBC for repression and derepression ("b" ϩ "c") and the circadian period supports precise matching between the pacemaker of the cyanobacterial clock and its output. Namely, feedback of kaiBC expression has been adjusted to cycle with a period of ca. 24 h to match the Kaibased chemical oscillator.
Our quantitative analyses with NUC0220 permitted the study of the functional relationship between parameters in the rhythmic transcription by PkaiBC, observed by inducing KaiC production by 10 M IPTG (Fig. 3) or aborting it by removing 100 M IPTG (Fig. 4) . In both cases, PkaiBC activity (luxAB mRNA) and KaiC phosphorylation showed circadian rhythms as robust as those in wild-type cells (see Fig. S2 in the supplemental material). In contrast, Ptrc-driven kaiBC mRNA and the accumulation of KaiC displayed only weak rhythmicity (Fig. 3) or were almost arrhythmic (Fig. 4) , whereas these parameters showed robust rhythms in wild-type cells. These observations could be ascribed to an open-loop regulatory structure in NUC0220 (Fig. 6) . In this strain, Ptrc-driven kaiBC mRNA expression and accumulation of KaiC should be constitutive, as observed. The robust rhythms in PkaiBC activity and KaiC phosphorylation could be ascribed to regulation by autonomous KaiC phosphorylation oscillation as observed in vitro and in cells in darkness. Weak rhythms observed in KaiC levels could be ascribed to minor and indirect effects of global regulation of gene expression in cyanobacteria by KaiC (14) .
To analyze the temporal relationship between two rhythmic parameters, luxAB mRNA levels and the KaiC phosphorylation ratio (Fig. 3 and 4) , we plotted the former parameter against the latter. At first, as a reference, we plotted the relationship for wild-type cells (see Fig. S2 in the supplemental material). As shown in Fig. 5A , the abundance of luxAB mRNA increased proportionally with the KaiC phosphorylation ratio. Apparently, increasing PkaiBC activity was regu- lated by this ratio. On the other hand, decreasing promoter activity did not directly correlate with the ratio. We then plotted time profiles of the kaiBC induction (Fig. 3 ) and its elimination experiments (Fig. 4) . As shown in Fig. 5B and C, correlation between PkaiBC activation and the phosphorylation ratio was also observed in experiments with NUC0220. We plotted other parameters, such as luxAB mRNA against the KaiC levels, phosphorylated-KaiC (P-KaiC) levels, and unphosphorylated-KaiC levels to try to find consistent relationships with PkaiBC activation. However, no parameters other than the KaiC phosphorylation ratio showed a positive correlation (data not shown). Therefore, the KaiC phosphorylation ratio is likely a major determinant in the activation of PkaiBC.
Monitoring derepression of PkaiBC after the removal of 100 M IPTG (Fig. 4C ) suggested intracellular KaiC levels that permit robust circadian rhythmicity. By ignoring weak rhythmicity, the intracellular KaiC level was monotonically decreased after removal. Concurrent monitoring during this process ( Fig. 4D and E) observed robust rhythms of luxAB mRNA levels and KaiC phosphorylation in only a limited range of KaiC levels (0.5-to 3-fold the average KaiC level in the wild type). In fact, the dynamic range of KaiC concentration that allows in vitro KaiC phosphorylation rhythms is also 0.3 to 3 (M. Nakajima et al., unpublished data). KaiC homeostasis in Synechococcus cells is apparently adjusted to be in this range to permit the KaiC phosphorylation rhythms. Restoration of circadian rhythms by Ptrc-kaiBC (14, 26) or PpurF-kaiBC (2) would also be attained by induction of KaiC in a similar range. What parameter contributes to the repression of PkaiBC activity? We first assumed that the repression of PkaiBC activity is mainly controlled by the total amount of KaiC. In KaiC accumulation at the peak (CT16) and trough (CT4) in the wild type and at three time points-"X," "Y" ( Fig. 2 and 3 ; for repression), and "Z" (Fig. 4 ; for derepression)-in NUC0220 were quantitatively reexamined by Western blot analysis. The upper panel shows the total amount of KaiC, and the lower panel shows the amount of P-KaiC. The average level of KaiC in the wild type was standardized to 1. The amount of P-KaiC was calculated from the relative KaiC amount and the phosphorylation ratio. Bars represent the means Ϯ the SD from three independent experiments. NUC0220 cells, KaiC thresholds for the repression of PkaiBC could be estimated at times "X" (in Fig. 2 ) and "Y" (in Fig. 3) , whereas the KaiC level for derepression could be estimated at time "Z" (in Fig. 4) . We then quantitatively reexamined these levels of KaiC (Fig. 5D ) and compared them to the highest and lowest KaiC levels in wild-type cells. The amounts of KaiC for repression at times "X" and "Y" were 2.2-and 1.2-fold the average KaiC accumulation in wild-type cells, respectively. However, the amount of KaiC for derepression was ϳ3-fold that in wild-type cells, which is much higher than the range of KaiC fluctuation in rhythmic cells. Therefore, the amount of KaiC is unlikely to be a major factor in repression of PkaiBC under rhythmic conditions. Alternatively, we hypothesized that the levels of phosphorylated KaC might be the primary parameter for PkaiBC repression because overexpression of a mutant version of KaiC that cannot be phosphorylated did not show acute repression of PkaiBC activity (16) . P-KaiC amounts can be calculated from the relative KaiC amount and phosphorylation ratio (Fig. 5D) . Interestingly, the amount of P-KaiC required for repression was ca. 0.8 to 1.0 under two IPTG concentrations. Moreover, the P-KaiC level for derepression (ca. 0.5) was lower than that for repression. These results are compatible with the model that repression of PkaiBC activity is mainly regulated by the amount of P-KaiC, because the lower threshold for derepression allows cyclic regulation of PkaiBC by this parameter. In addition, note that regulation by P-KaiC would be more robust than that by KaiC accumulation because the two parameters change in the same phase in wild-type cells (Fig. 5D, WT) .
What molecular machinery can mediate transfer of information regarding KaiC states to PkaiBC activity? The SasA-RpaA two-component system (20) is one candidate. It has been reported that phosphotransfer from the histidine kinase (SasA) to the cognate receiver (RpaA) changed as the circadian state of KaiC phosphorylation in vitro. As shown in Fig. 5A to C, the phase of PkaiBC activation is accompanied by an elevation of the KaiC phosphorylation ratio, and phosphotransfer activity in vitro was also coupled to elevation of the KaiC phosphorylation rhythm. This correlation strongly supports the model that an elevation in KaiC phosphorylation state activates PkaiBC through the SasA-RpaA pathway. Based on analyses as described above, we illustrated the regulation of PkaiBC by KaiC in NUC0220 cells (Fig. 6) . During the phosphorylation phase, the SasA-RpaA pathway was driven by the KaiC phosphorylation reaction to activate PkaiBC. For this pathway to function with the kinetics we observed here, an integrative process of the activation signal (such as accumulation of sigma factors or changes in chromosome compaction) would be included in the regulatory process. The activation of PkaiBC would then be lost at the peak of KaiC phosphorylation because phosphotransfer to SasA-RpaA pathway would be terminated by the shift of the phosphorylation reaction to dephosphorylation.
We recently identified a novel gene, labA, that encodes a component necessary for KaiC-dependent repression of gene expression in cyanobacteria (21) . LabA is therefore a candidate mediator of P-KaiC repression of PkaiBC. When the maximum phosphorylation of KaiC was attained, active KaiCKaiA association was switched to stable KaiC-KaiB association (8) and, simultaneously, the autokinase activity of KaiC was switched to autophosphatase activity (17) . This change in KaiC state would facilitate the repression of PkaiBC by P-KaiC.
